Abstract. With the extensive application of a large number of nonlinear electrical components, harmonic and inter-harmonic components in power system become more and more complex. The harmonics, inter-harmonic and fundamental wave are in the superposition state. The traditional harmonic detection method is Fast Fourier Transform (FFT), which can realize the accurate detection and analysis of integer harmonics. But in the measurement of the harmonic,the actual signal detected should be by discretization using the sampling signal, which caused the phenomenon of spectrum leakage and fence phenomenon. However, since inter-harmonic is relatively small, the harmonic wave and fundamental wave become the noise of detecting inter-harmonic. These problems become a huge obstacle to the amplitude, frequency and phase of the accurate detection of inter-harmonic. In this paper, the spectrum leakage phenomenon is discussed.Based on the characteristics of the harmonic and fundamental wave, the improved algorithm is proposed. The method is based on simple transformation of Fast Fourier Transform (FFT) and combine respective characteristics of harmonics and inter-harmonic to solve the problem of measuring harmonic and inter-harmonic interference and achieve accurate detection of inter-harmonic. The method is effective in combination with the three point method, so it is more competitive with respect to other methods.The method has the advantages of simple operation, fast calculation and high accuracy, which can provide an effective method for the harmonic detection of power quality analysis.
Introduction
With the use of a large number of power electronic devices and nonlinear components , harmonic pollution in power system becomes more and more serious and complex, which not only exists in harmonics, but also in the presence of inter-harmonics [1] [2] . The existence of these harmonics seriously affects the safety and economic operation of power system [3] .Incandescent lamps flicker which is caused by inter-harmonics have an effect on operating personnel and voltage fluctuations can damage transformers, instrumentation and Relay protection misoperation. Therefore, it is necessary to detect the inter-harmonics accurately in order to provide a good basis for the management of the inter-harmonics.
In the past, the detection methods of inter-harmonics is Fast Fourier Transform (FFT), least square method, wavelet transform method, spectral estimation method and Hilbert HuangTransform(HHT) method [9] . FFT algorithm can accurately measure and calculate harmonics, but for inter-harmonic detection, the traditional FFT will produce spectral leakage and fence effect which will effect the detection of inter-harmonics, such as the phase angle, amplitude of the inter-harmonic and inter-harmonic frequency. Using the interpolation algorithm can solve the problem of the fence, but can not eliminate measurement errors due to the spectral leakage. Using window algorithm can reduce the spectrum leakage errors, but need construct window function to make spectrum analysis become more complex. By using the least square method and independent component analysis method, the fundamental wave and harmonic can be easily detected, inter-harmonics can be separated, but the real-time performance is not good and there are some limitations in the detection of inter-harmonics [4] . The wavelet transform has the advantages of good local performance and it is not restricted by the whole period and synchronous sampling. However, under the influence of wavelet base, large amount of computation and hardware implementation become more difficult [5] . Using the method of spectrum estimation can real reflect the signal information but the amplitude and phase of the harmonic can not be detected [6] . By using Hilbert Huang Transform(HHT), resolution ability and local adaptability are higher and exact analysis can be achieved easily, but it can easily appear the phenomenon of endpoint effect and mode mixing [7] [8] .
In this paper, we first analyze the spectrum leakage phenomenon in the FFT algorithm and the interference between fundamental wave, harmonic and inter-harmonic [10] .An improved algorithm is proposed to eliminate the interference between the fundamental and harmonic currents. This algorithm changes the FFT algorithm a bit. The characteristic of window function is used to eliminate the interference of fundamental wave and harmonics in the measurement of harmonics to realize the accurate measurement of the inter-harmonic.The method is effective in combination with the three point method, so it is more competitive 2 The spectrum leakage phenomenon of FFT algorithm
In the theory, the FFT is the transformation of the measured signal for the whole period, but in the practical operation, we need to apply FFT only in one or several periods of the measured signal.
First,there is an infinite harmonic signal x m (t), the signal amplitude is A m , frequency is ω m and phase angle is θ, as shown in equation (1).
The the result of FFT for this signal is a line at the ω m . We assume a window function with a width of T and deal with this function by FFT.The results are shown in the equation 2 and 3.
Multiply these two functions.The multiplication operation in the time domain is equivalent to the convolution operation in the frequency domain.The results are shown in the equation 4 and 5.
By using the equation 5, we can find the relation between the amplitude and frequency of the continuous function obtained by FFT.We can make a graph by MATLAB, as shown in Figure 1 . The above mentioned is the traditional calculation method for the continuous signal.In the practical engineering application, our data sources are discrete.In the numerical analysis, it is equivalent to the discrete processing of continuous signals. n is the sampling points of a period for
.You can use the following equation (6) to represent the spectrum (k is integer).
The following conclusions can be drawn from the equation.Only when n and k meet n=k , equation will have value, when not ,the value is equal to 0.So in the use of FFT to measure the integer harmonics there is a great advantage. K indicates the number of harmonics measured.
When k is not equal to an integer, it is relatively complex.We assume k=k 1 +r,k 1 is an integral part, r is a fractional part.
Equation (9) is the result of simplified equation (8) .
The following conclusions can be drawn from the above deduction.With the increase of n, the n-k 1 -r decreases.Spectrum line corresponding to the maximum amplitude is at n=k 1 or n=k 1 +1 .With the increase of n-k-r,the amplitude of the spectral line is damped by t 1 . We use Matlab to prove spectrum leakage phenomenon.In the FFT theory, the signal is measured in the whole time domain.However, in practical engineering, we need to cut off the measured signal.The value of a period of time is used to approximate the signal in the whole time domain.Under the premise of satisfying the sampling theorem, the sampling time period is not an integer multiple of the sampling time.This will be the phenomenon of spectrum leakage.Using MATLAB simulation, the graphics are shown as follows. Compared with the above two spectrum of figure 3 and figure 4 .We can clearly see the spectrum leakage phenomenon.This phenomenon is caused by the periodic extension of asynchronous sampling data.
Spectrum interference between harmonics and inter-harmonics
In the system, there are fundamental, harmonic and inter-harmonic.They interact with each other, which has become a huge obstacle to accurate detection of inter-harmonics.Below we explain through mathematical derivation:
We have a set of signals x(t)
This represents the number of harmonics or inter-harmonics.The A indicates the magnitude of the signal.The f represents frequency and ψ represents phase angle.Each index indicates the number of harmonics and inter-harmonics.
The equation (13) is obtained by the discretization of continuous signals.
Where the range of k is 0≤k≤MN-1.Under the condition that the measured signal is truncated by the rectangular window .The M represents the number of fundamental frequencies that are included in the rectangular window.The N represents the sampling points in a fundamental frequency.Use FFT to deal with the signal x[k] and the results are shown in the equation (14).
Ω=2πfΔt DTF transform is performed on the equation,the results as shown in the equation (15).
We can come to a conclusion,the results are shown in the equation (16).
We take absolute value to the result of DFT and the results are shown in the equation (17).
Where the range of n is 0≤n≤MN/2-1
The value at any frequency is the superposition of the corresponding value of each component at this point in the signal.Spectral interference between the various components will occur.
Inter-harmonic detection method
We find in the system, only the fundamental wave and harmonic components of the system are analyzed by using the method of the rectangular window with M fundamental wave period in the actual operation.The continuous signal is processed by DFT to obtain the spectrum of the main lobe and side lobe.In the system, only the fundamental and harmonic wave is analyzed and the spectrum shown in figure 5 can be obtained. When the system is in the presence of fundamental wave, harmonic and inter-harmonic, the spectrum leakage will occur.There is a numerical value at the frequency point of the integral multiple of the side lobe width.There are fundamental wave, harmonic and inter-harmonic currents in the system,and the following spectrum figure (6) can be obtained. This value is just the numerical value of the inter-harmonic itself.We can use this value to detect the inter-harmonics.So as to eliminate the interference between the fundamental wave and harmonic.
Using FFT to calculate the single inter-harmonic
The system is the combination of fundamental wave, harmonic, and single frequency inter-harmonics.We can calculate the value of the special point in the spectrum figure.The special point is the end point of the side lobe.This value can well describes the characteristic information of the inter-harmonics. It can be found from the discrete spectrum amplitude of the maximum two lines: The peak value of the main lobe is far greater than the peak value of the side lobe.Assume that the two largest spectral lines are n=k 1 and n=k 1 +1.
By using these two values, we can determine the corresponding parameters of the inter-harmonics.The amplitudes of these two lines are compared. Ratio is a and the results are shown in the equation (19).
We can draw the following conclusions.
Selection of different window function
In the signal processing, for window function there will be a lot of options.All kinds of window function contrast is shown below. The following conclusions can be drawn from the table. For different window functions, the attenuation speed and the side lobe width are different.The attenuation of the rectangular window is relatively slow, but it can meet the requirement of finding the two maximum.Small side lobe width is the biggest advantage of rectangular window.There are many inter-harmonics in the system, which can play a huge role.In practical engineering, the rectangular window algorithm is simple.Because of these advantages, we choose a rectangular window as a tool in the detection of inter-harmonics.
Conclusion
This paper presents a method of detecting inter-harmonics by using improved FFT algorithm.By taking the value of the side lobe endpoint in the spectrum diagram, the interference of fundamental wave and harmonic wave to inter-harmonic will be avoided. To compare the characters of various window functions, the advantage of the rectangular window in the algorithm is proved in realizing the detection of inter-harmonics.The correctness of the algorithm is verified by simulation.The improved algorithm has the advantages of easy realization, simple analysis and high precision.This is an accurate and practical inter-harmonic analysis algorithm.It provides an effective method for harmonic detection and analysis in power system. [10] Zhu T X．Exact harmonics/interharmonics calculation using adaptive window width[J]．IEEE Transactions on Power Delivery，2007，47(1)：2279-2288.
